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Abstract 
A unified model for the nickel-silicon theoretical contact resistivity was computed, using a 0.6 eV Schottky barrier 
height, and compared to recent experimental data. This model was subsequently inserted in a classical co-
optimization procedure. Numerical simulations were combined with analytical power losses equations to find out the 
effect of homogeneous emitter doping profile on an ideal lab-scale silicon solar cell. According to this work, an 
optimized emitter for plated contacts on a 10 μm wide nickel seed layer should have a junction depth ranging from 
0.5 to 4 μm and a surface doping from 4 x 1018 to 2 x 1019 cm-3. This broad range allows getting more than 25.5 % 
and up to 25.9 % theoretical efficiency on a 2 x 2 cm² silicon solar cell metallized with 10 μm thick fingers. Finally, 
contour plots were also simulated using a larger Schottky barrier height in order to figure out the effect of the nickel 
silicide contact interface on solar cell properties. 
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1. Introduction 
With the recent introduction of ion implantation in the photovoltaic industry, it is now easier to tailor 
the emitter profile. In order to get the best efficiencies, the front side metallization grid should be 
optimized in the same time, since both are closely linked via the metal-semiconductor Schottky junction. 
Several works [1-3] have dealt with the so-called co-optimization procedure. In their respective works, 
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Cuevas and Russell [1] exploited numerical simulations on an ideal solar cell with a homogeneous 
emitter, whereas Sanchez and Stem [2] used analytical solutions in order to compare homogeneous and 
selective emitters. More recently, Wen et al. [3] also reported a co-optimization on a selective emitter with 
analytical solutions on an industrial solar cell. However all cited works modeled the metal-semiconductor 
contact with titanium, aluminum or silver, but no work has simulated a nickel contact that appears to be a 
promising approach for future industrial solar cells. 
In this paper, the theoretical electrical properties of the nickel-silicon (NiSi) contact is first investigated 
and compared to experimental data extracted from literature. Then, the developed model is introduced in a 
co-optimization procedure, using classical power losses equations coupled to numerical simulations. This 
methodology allows generating the main electrical solar properties contours plots for silicon solar cells 
with homogenous emitters in order to provide general guidelines for the doping profile optimization. As 
the NiSi contact resistivity is sensitive to the contact interface, contour plots are generated using two 
Schottky barrier heights, which describe different silicide phases. 
2. Simulation methodology 
2.1. An unified model for the nickel-silicon (NiSi) contact resistivity 
The underlying theory of the Schottky barrier is well summarized in numerous works ([4-6] for 
example) that were used to simulate electrical properties of a NiSi contact. As shown on figure 1, the 
current transport at the NiSi (n type) junction is characterized by three doping-dependent regimes: 
 Thermionic emission (TE): electrons move over the barrier 
 Thermionic field emission (TFE): electrons move toward the top of the barrier before tunneling 
through it 
 Field Emission (FE): electrons tunnel through the base of the barrier 
 
 
Fig. 1. Drawing of the three doping-dependent regimes at the NiSi junction. From left to right: thermionic emission (TE), thermionic 
field emission (TFE), and field emission (FE). 
In order to facilitate further calculations, the three regimes were unified into one equation using the 
methodology described by Varahramyan et al. [6]. Additionally, the Fermi level was computed using the 
Joyce-Dixon approximation [7] to take into account the degeneracy effects. The unified contact resistivity 
is thus given by:  
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where the characteristic energies E0 and E00 are given by: 
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where b is calculated to be equal to 0.318. A* is the effective Richardson constant computed using a 
0.417 m0 effective mass [5]. b is the initial barrier height of the NiSi junction (0.6 eV) lowered by the 
image force [4]. q, T, s, h, ND and k are the elementary charge, the temperature, the silicon permittivity, 
the Planck constant, the silicon surface doping concentration, and the Boltzmann constant, respectively. 
mt* is the doping-dependent tunneling effective mass (ranging from 0.19 m0 for a low doping density to 
0.5 m0 for a high doping density) [5]. 
Figure 2 shows that the three regimes as well as their validity domains are doping-dependent. To 
summarize, as the surface doping increases, the tunneling process becomes more and more dominant 
because of the barrier narrowing. The ratio kT/E00 (defined in [4-5]) estimates the relative importance of 
the three regimes. TE (kT/E00 >> 1) is dominant up to 1 x 1017 cm-3, then the TFE (kT/E00  1) becomes 
the main transport mechanism up to 6 x 1019 cm-3, when electrons turn out to be mainly extracted via FE 
(kT/E00 << 1). The unified model exhibits a sufficiently good agreement with TFE and TE theoretical 
curves on the co-optimization range, namely from 1 x 1018 cm-3 to 1 x 1020 cm-3, for the use in the 
following of this work. Finally, to be validated, the theoretical NiSi contact resistivity model was 
compared with the database recently established by Stavitski et al. [8], who performed accurate 
measurements on NiSi silicide contacts formed by annealing. As shown on figure 2, experimental data 
and theoretical curves exhibit a good agreement. 
 
 
Fig. 2. Contact resistivity of NiSi contact as a function of the surface doping. A 0.6 eV Schottky barrier height was assumed. 
Additionally, the ratio kT/E00 and experimental data for NiSi contacts [8] are plotted, as well as the fitted data for TiSi contacts used 
in previous works [1-2]. 
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2.2. Power losses calculations and numerical simulations 
The previous unified NiSi contact resistivity model was integrated in classical power losses equations 
[9]. A 200 μm thick, 2 x 2 cm², lab-scale solar cell was assumed. The 10 μm thick semi-circular fingers 
(hplated) were supposed to be plated on a 10 μm wide and infinitely thin nickel seed layer (ws.layer), 
meaning a final finger cross section of [9]:  
2
. .2
1. platedplatedlayersfingers hhwA   (4) 
and a metallisation factor Fm = 10/30 Sfingers [1-3] where Sfingers is the plated fingers shadowing losses. A 
final 2 μ .cm line resistivity, typical for plated materials (Ag or Cu) [9], was supposed. Since the goal of 
this work is to study the effect of NiSi contact resistivity on emitter requirements, only the losses 
attributed to fingers (optical and resistive) and emitter (resistive) were considered (i.e., no losses from the 
base, busbars, rear side contact, etc.). From assumed Gaussian n-type doping profiles, the sheet resistivity 
was calculated by resistivity integration from the junction depth to the emitter surface [3]. Then, the 
fingers spacing was optimized for each profile using the Newton-Raphson method (five times iterated) 
[1]. The batch mode of the simulation software PC1D was used to simulate the junction with the different 
Gaussian emitters. An ideal planar solar cell with perfect light trapping (Rf1, Rb1, Rfn, Rbn = 99 % diffuse), 
no exterior reflectance and a 0 cm.s-1 back surface recombination velocity (BSRV) was assumed. The front 
surface recombination velocity was set to 3 x 106 cm.s-1 under the contacts and doping dependent under a 
SiNx:H layer [10]. The respective emitter saturation current densities were extracted and combined via 
the metallisation factor for each emitter. Finally, the short-circuit current density jsc, open-circuit voltage 
Voc, fill factor FF and efficiency  were computed, using well known equations based on the one diode 
model [1]. 
3. Results and discussion 
Figure 3 shows that contour plots of NiSi and TiSi contacts are very similar. For both, the solar cell 
efficiency is mainly limited by the short-circuit current density for highly doped and very thick emitters, 
whereas the fill factor has the bigger effect at low surface doping. These results are in good agreement 
with the previous work of Cuevas and Russell [1]. Interestingly, even though the NiSi contact resistivity 
is lower than the TiSi contact resistivity on a wide doping range (figure 1); such contacts limit the solar 
cell efficiency for low doping concentration (ND < 6 x 1018 cm-3). In fact, the contact resistivity becomes a 
limiting factor on lowly doped emitters, mainly reducing the fill factor but also the short-circuit current 
density. Indeed, the higher contact resistivity of NiSi contacts, compared to TiSi contacts, is compensated 
by a higher number of fingers that in turn increases shadowing losses.    
According to figure 3 and the previously described co-optimization procedure assumptions, the 
optimal efficiency point for NiSi contacts is 25.9 %. The ideal Gaussian emitter profile is defined by a 1.6 
μm junction depth and a 7 x 1018 cm-3 surface doping (Rsheet = 86 /sq). The theoretical Voc, jsc, and FF 
are 722 mV, 43 mA/cm², and 83.4 %, respectively. However, the best efficiencies region (25.5 % <  < 
25.9 %) is relatively broad with a junction depth and a surface doping ranging from 0.5 to 4 μm and from 
4 x 1018 to 2 x 1019 cm-3, respectively. For TiSi contacts , the 25.9 % best efficiency is reached for a 
slightly thicker 1.7 μm junction depth and a 6 x 1018 cm-3 surface doping (Rsheet = 96 /sq). The 
theoretical Voc, jsc, and FF are 723 mV, 42.9 mA/cm², and 83.4 %, respectively. As previously explained, 
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the optimal efficiencies region (25.5 % <  < 25.9 %) is somewhat broadened to a junction depth ranging 
from 0.5 to 4.7 μm and a surface doping from 4 x 1018 to 2 x 1019 cm-3. 
 
 
Fig. 3. jsc (graph a , in mA/cm²), Voc (graph b, in V), FF (graph c, in %), and  (graph d, in %) contour plots of 30 μm wide, 10 μm 
height fingers plated on a nickel (red dashed lines) seed layer assuming a 0.6 eV Schottky barrier height, compared to the same 
contacts plated on a titanium (black solid lines) seed layer. The dashed area on graph d represents an emitter sheet resistivity ranging 
from 50 to 200 /sq. 
As many losses are neglected, it is worth mentioning that all results presented in this section are ideal 
limits. However, contrary to absolute values, the contour plots should not be significantly altered if 
additional optical and resistive losses are taken into account. On the other hand, because of its important 
effect on the contact resistance, the Schottky barrier height can significantly affect the contours shape. 
This is especially true for nickel silicide contacts, for which the barrier height depends on the phase and 
the crystallography of the interface. Indeed, depending on the process and the heat treatment, the reported 
barrier heights usually range around 0.6 eV for nickel contacts [4,11-13], but it can reach up to 0.79 0.1 
eV when a type-B NiSi2 phase is present at the interface [14-16]. In order to figure out the effect of such 
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disparity, the previous simulation procedure was repeated using a 0.8 eV barrier height, which 
corresponds to the worst case found in previous works.  
Figure 4 shows the detrimental effect of the 0.2 eV Schottky barrier height increase on the different 
contour plots (compare figure 3). Because of the contact resistivity increase, the FF is considerably 
reduced and limits the solar cell efficiency for lowly doped emitters. To limit the losses due to the FF, the 
optimal doping range is shifted toward the upper left corner of contour plots, although recombination and 
resistive losses are higher.  The most favorable emitter profile is now defined by a 0.8 μm junction depth 
and a 1.7 x 1019 cm-3 surface doping, corresponding to a 112 /sq sheet resistance. The theoretical Voc, jsc, 
and FF are 713 mV, 42.9 mA/cm², and 83.3 %, respectively. Consequently, compared to previous results, 
the maximal efficiency is here limited to 25.5 %, mainly due to a 12 mV drop of the Voc. The best 
efficiencies region (here defined by 25.0 % <  < 25.5 %) is restricted to a junction depth and a surface 
doping ranging from 0.2 to 2 μm and from 1.2 x 1019 to 5 x 1019 cm-3, respectively. 
 
 
Fig. 4. jsc (graph a , in mA/cm²), Voc (graph b, in V), FF (graph c, in %), and  (graph d, in %) contour plots of 30 μm wide, 10 μm 
height fingers plated on a nickel seed layer assuming a 0.8 eV Schottky barrier height. 
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4. Conclusion 
The theoretical NiSi contact resistivity was computed and unified into one model, allowing a co-
optimization procedure based on numerical simulations and analytical power losses equations. A 0.6 eV 
Schottky barrier height was first chosen to simulate NiSi contacts. According to this work, 25.9 % 
efficiency could theoretically be reached on an ideal lab-scale 2 x 2 cm² silicon solar cell, if a moderately 
doped and relatively thick homogeneous emitter is used with 10 μm thick plated fingers on a 10 μm wide 
seed layer. Comparing to TiSi contacts used in previous works, the best efficiencies region is very similar 
but limited toward lowly doped emitters because of a higher contact resistivity in the doping range of 
interest, which mainly reduces the fill factor. However, depending on the potential barrier, which is 
ultimately linked to the contact interface, contour plots can be significantly altered. If a 0.8 eV Schottky 
barrier height is assumed, a thinner and more doped emitter should be used. Nonetheless, in this case, the 
maximal efficiency remains limited to 25.5 %. Finally, it is worth noting that all contour plots presented 
in this work are based on theoretical assumptions, thus they can be considered as general guidelines for 
process optimization while awaiting future experimental confirmations. 
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